Purpose To explore macular perfusion changes in patients with rhegmatogenous retinal detachment (RRD) involved the macula following successful surgery and to evaluate the correlation between macular blood flow density and visual outcomes using optical coherence tomography angiography (OCTA). Methods This retrospective study included 14 eyes (14 patients) with macular-off RRD that underwent a standard three-port 23-gauge pars plana vitrectomy (PPV) and intraocular gas tamponade combined with phacoemulsification, aspiration, and intraocular lens implantation. OCTA was used to evaluate the macular perfusion changes throughout postoperative 12 weeks in the superficial capillary plexus (SCP), deep capillary plexus (DCP), and choriocapillary plexus (CCP). The fellow unaffected eyes were used as controls for comparison. Results A significant increase in the superficial capillary plexus flow density (SCPFD) (P = 0.000) was observed over time in RRD eyes with successful PPV, as well as the deep capillary plexus flow density (DCPFD) (P = 0.000) and the choriocapillary plexus flow density (CCPFD) (P = 0.000). Final best-corrected visual acuity (BCVA) was positively associated with CCPFD (r = − 0.577, P = 0.031) and non-correlated with SCPFD and DCPFD (P > 0.05). Conclusions Macular perfusion gradually recovered following successful RRD repair by PPV. OCTA provided a non-invasive method to explore the underlying reason for different postoperative visual outcomes in macular-off RRD patients.
Introduction
Rhegmatogenous retinal detachment (RRD), a separation of the sensory retina from the retinal pigment epithelium (RPE), is one of the leading causes for permanent vision loss if untreated. Once the macular fovea is involved in retinal detachment patients, the damage to visual acuity could be severe and irreversible [1] .
The surgical options include pars plana vitrectomy (PPV) and scleral buckling, which can both achieve amazing final reattachment rates in RRD patients [2] . The retinal and choroidal blood flows reduced following scleral buckling, and the compressional mechanism might be the cause of the reduced blood flow by direct obstruction of the choroidal venous drainage [3, 4] . It has been reported that the ocular microcirculation of RRD patients after PPV could get back to normal 6 months later [5] . Recently, the retinal blood flow on the optic nerve head was proved to be reduced in eyes affected by RRD preoperatively, and it could recover following successful RRD repair by PPV [6] . However, there are only very few studies focusing on the dynamic changes of macular perfusion in eyes with macular-off RRD after operation.
The macular perfusion system, including the superficial capillary plexus (SCP), the deep capillary plexus (DCP), and choriocapillary plexus (CCP), contributes to the metabolic needs of neurons in the visual pathway, which is essential to normal visual function. Optical coherence angiography (OCTA) with split-spectrum amplitude decorrelation angiography (SSADA) algorithm, a recently developed clinical tool, provides a non-invasive and quantitative approach for investigating retinal and choroidal microvasculature with high reproducibility [7] [8] [9] .
The aim of this study is to explore the macular perfusion changes in the PPV-treated eyes with macular-off RRD by comparing the values with those of the fellow unaffected eyes and to evaluate the influence of these changes on the final visual outcome by OCTA.
Material and methods
This was an observational, cross-sectional, single-center study. A consecutive series of patients were recruited from the inpatients operated at the Department of Ophthalmology, Shanghai General Hospital Affiliated to Shanghai Jiao Tong University, from August 2017 to April 2018. Informed consent was obtained from all the participants included in the study. This study adhered to the tenets of the Declaration of Helsinki and was approved by the Ethics Committee of Shanghai General Hospital affiliated to Shanghai Jiao Tong University.
Only patients with primary recent onset RRD (duration less than 7 days) successfully repaired by PPV were included in this study. The inclusion criteria were (1) unilateral macula-off RRD diagnosed by indirect ophthalmoscopy and B-scan and (2) no postoperative macular complication, including epiretinal membrane, cystoid macular edema, macular hole, and subretinal fluid. The exclusion criteria included the following: (1) history of ocular surgery, (2) other severe visionimpaired eye diseases (e.g., advanced glaucoma or uveitis), (3) best-corrected visual acuity (BCVA) of less than 20/25 in the unaffected fellow eye, and (4) any medical condition that could influence the hemodynamic of the eye such as diabetes, hypertension, arrhythmia, and vascular diseases. All the procedures were performed under retrobulbar anesthesia by the same surgeon (W.H.). Standard three-port 23-gauge PPV was performed using the Alcon Constellation system (Alcon Laboratories, Inc., Fort Worth, TX, USA). After central and peripheral vitreous removal with 23-gauge incision, triamcinolone acetonide was injected to visualize residual posterior hyaloid, which should be removed completely. Complete fluid-air exchange was performed, followed by endophotocoagulation. The sclera ports were sutured with 8-0 vicryl to maintain normal intraocular pressure (IOP) level. All patients underwent combined phacoemulsification, aspiration, and intraocular lens implantation. And they were asked to maintain a prone posture for 7 days. Retinal reattachment was defined as the complete disappearance of subretinal fluid and flattening of the retinal breaks after gas absorption.
All the 14 participants underwent comprehensive ophthalmic examinations preoperatively and 2, 4, 8, 12 weeks postoperatively, which included slit-lamp biomicroscopy examination, fundus examination, BCVA (the Snellen visual acuity chart), IOP, and OCTA. Values of the unaffected fellow eyes were measured as control.
The technique of OCTA using the SSADA method had been described in detail in previous literatures [8, 10, 11] . The scanning area was captured in 3 × 3-mm sections, automatically centered on the fovea. The grid was composed of two circles: an inner circle with a diameter of 1 mm and an outer circle with a diameter of 3 mm. The parafoveal region was defined as the ring between the inner and outer circle (Fig. 2 A1~D1) . The macular perfusion parameters, including the superficial capillary plexus flow density (SCPFD), deep capillary plexus flow density (DCPFD), and choriocapillary plexus flow density (CCPFD) in the parafoveal region, were automatically evaluated by RTVue XR Avanti device (Optovue Inc., Fremont, CA, USA) with the AngioVue OCTA software (V2016.2). The ratios of affected eyes and fellow eyes (a/f ratios) were counted to evaluate the dynamic macular perfusion change. The parafoveal retinal thickness (RT) was also analyzed. Thirty minutes before the SSADA-OCTA examination, 0.4% tropicamide/phenylephrine (Mydrin P; Santan Pharmaceutical CO., Ltd., Osaka, Japan) was used to dilate the pupil. The segmentations of all examination were checked before any measurement was performed. With respect to the quality of the images, we took a cutoff value of signal strength index of > 40 as inclusion criterion for our study.
A paired t test was performed to compare differences between the preoperative and postoperative values and the postoperative values between the affected eyes and the fellow eyes at specific time-points. Repeated one-way ANOVA with post hoc Bonferroni corrections was used to evaluate changes in the BCVA and parafoveal parameters following time. The correlation between final BCVA and the parafoveal parameters was analyzed by Pearson's correlation. The BCVA values were expressed as the logarithm of minimal angle of resolution (logMAR). Data were presented as mean ± standard deviation or mean (95% confidence interval) where applicable. All the tests were performed with SPSS 16.0 for windows (SPSS, Inc., Chicago, IL), and P values < 0.05 were considered statistically significant.
Results

Patient demographics and ocular characteristics
The baseline demographics and ocular characteristics of the enrolled patients are summarized in Table 1 . The mean macula-off duration was 4.21 days (median 4; range 3~7).
All patients underwent surgery only in the RRD eye throughout the follow-up period. Retinal reattachment was attained at initial operation in all eyes. No significant intraoperative or postoperative complications were observed, such as explosive choroidal hemorrhage, subretinal hemorrhage, endophthalmitis, or anterior proliferative vitreoretinopathy.
Changes in BCVA and parafoveal RT in the eyes with RRD treated by PPV A significant improvement was observed in BCVA of the operated eyes with increasing time (F = 91.800, P < 0.001). The postoperative BCVA (logMAR) was significantly better than preoperative BCVA since 2 weeks after surgery (t = − 8.320, P < 0.001; Table 2 ). The differences in the BCVA between the operated eyes and the follow eyes decreased from 0.42 (0.26 to 0.58) logMAR at 2-week postoperative timepoint to 0.11 (− 0.02 to 0.24) logMAR at 12-week postoperative time-point (F = 35.556, P < 0.001; Table 2 ).
At each observational postoperative time-point, nonsignificant changes were found between the postoperative parafoveal RTs in the operated eyes and those in the fellow eyes (all P > 0.05; Table 2 ). Parafoveal RT did not change over time in the affected eyes (F = 1.026, P = 0.364) or in the fellow eyes (F = 0.305, P = 0.808). The differences in the parafoveal RTs between the operated eyes and the fellow eyes did not show any significant change with postoperative time (F = 0.460, P = 0.712).
Changes in macular perfusion in the eyes with RRD treated by PPV
The parafoveal SCPFD and DCPFD were significantly lower in the postoperative eyes than in the fellow eyes until the final observational time-point (t = − 0.671, P = 0.514; t = − 0.423, P = 0.679; Table 2 ). Significant increases with postoperative time were observed in the parafoveal SCPFD and DCPFD of the RRD eyes from 46.06 ± 4.74% at 2 weeks postoperatively to 53.72 ± 4.64% at 12 weeks postoperatively and from 53.57 ± 4.75% at 2 weeks postoperatively to 59.93 ± 2.47% at 12 weeks postoperatively, respectively (F = 23.615, P < 0.001; F = 20.210, P < 0.001). The parafoveal CCPFD in the affected eyes also significantly increased over time (F = 17.437, P < 0.001). Compared with the unaffected eyes, the parafoveal CCPFD of the affected eyes was statistically lower at 2 weeks and 4 weeks after operation (t = − 8.265, P < 0.001; t = − 6.425, P < 0.001; Table 2 ); however, the difference became non-significant since 8 weeks postoperatively (t = − 2.131, P = 0.053; Table 2 ). There were no significant changes in the parafoveal SCPFD, DCPFD, and CCPFD over time in the fellow eyes (F = 0.268, P = 0.740; F = 1.158, P = 0.330; F = 0.223, P = 0.719). The absolute differences in the CCPFD, SCPFD, and DCPFD between the RRD eyes and the follow eyes decreased significantly with increasing time postoperatively (F = 30.464, P < 0.001; F = 30.627, P < 0.001; F = 50.005, P < 0.001). There were significantly differences in the mean a/f ratios of parafoveal SCPFD and DCPFD between 12 weeks postoperatively and other time-points; however, there was no significant difference in the mean a/f ratio of parafoveal CCPFD between 12 and 8 weeks postoperatively (Fig. 1) . Moreover, the parafoveal CCPFD was significantly greater (t = 3.088, P = 0.009) in those with better visual outcomes (BCVA ≥ 20/25) than the others (BCVA < 20/25) at the last follow-up time-point.
Correlations between final BCVA and parafoveal parameters in the eyes with RRD treated by PPV Using univariate analysis, we found that there were no significant correlations between the final BCVA and the preoperative BCVA, preoperative IOP, postoperative IOP, parafoveal RT, parafoveal SCPFD, or parafoveal DCPFD. However, the parafoveal CCPFD was inversely correlated with the final BCVA in the RRD eyes (r = − 0.577, P = 0.031; Table 3 ).
Typical images showed that the postoperative structures in the SCP, DCP, and CCP of the patients acquiring final better visual outcome were similar to those in the fellow eyes (Fig. 2  A2~A4 vs. B2~B4) . But for the patients with final worse visual acuity, although there were no marked differences in the SCP and DCP structures between the RRD eyes and the unaffected eyes (Fig. 2 C2~C3 vs. D2~D3 ), the CCP of RRD eyes were markedly sparse and appeared to be more chaotic comparing with the healthy eyes (Fig. 2 C4 vs. D4 ). These obvious changes in the CCP structures were also combined with disrupted ellipsoid zone (Fig. 2 C5 vs. D5 ).
Discussion
The retinal microcirculation system includes retinal and choroidal capillary networks, which are arranged in different layers. The SCP and the DCP are predominantly located in the ganglion cell layer and the inner nuclear layer, respectively. They provide nourishment to the inner retinal layers and carry metabolic products away. The outer retinal layers are avascular regions which are supplied with nutrients and oxygen by choriocapillaries [12, 13] . Capillary density can serve as a quantitative measure of Fig. 1 The time-course of macular perfusion recovery in RRD eyes after successful PPV throughout the follow-up period. The mean a/f (affected eye/fellow eye) ratios of superficial capillary plexus flow density (SCPFD), deep capillary plexus flow density (DCPFD), and choriocapillary plexus flow density (CCPFD) all significantly increased with postoperative time. There were significantly differences in the mean a/f ratios of SCPFD and DCPFD between the final follow-up time-point and other time-points (*P < 0.05 vs. 12 weeks). Although the mean a/f ratio of CCPFD at 12 weeks post surgery was significantly higher than that at the first two observation time-points (*P < 0.05), there was no significant difference in the mean a/f ratio of CCPFD between 8 and 12 weeks postoperatively ( # P > 0.05).
detecting flow change caused by physiological or pathological reasons [14, 15] .
Previous reports using blood flow detection techniques, including scanning laser Doppler flowmetry [5] , color Doppler ultrasonography [16] , and laser speckle flowgraphy [6] , reported reduced retinal blood flow in retinal detachment patients. Nowadays, OCTA has been used to measure capillary density in healthy eyes and in several diseased states because it allows for acquisition of high-resolution depth-resolved images of the chorioretinal vascular layers in a rapid, non-invasive manner without dye injection [8, 17] . Moreover, OCTA is sensitive in detecting the subclinical microvascular changes, including parafoveal capillary density loss, in some retinal diseases such as diabetic retinopathy and radiation maculopathy [18, 19] . The tortuous and vertically ascended retinal vessels in macular-off RRD eyes make it difficult to estimate the preoperative macular perfusion. Previous studies had proved that macular microcirculation disturbance was present in RRD patients even without macular involvement [3] . In the present study, we applied OCTA to analyze the parafoveal flow density per layer and confirmed that macular perfusion decreased in the macular-off RRD eyes even after successful PPV in comparison to the healthy fellow eyes. The presumption of macular microcirculation seriously impaired in macular-off RRD patients was proved to be reasonable.
In order to know the macular perfusion change in macularoff RRD eyes over time after PPV, we evaluated the perfusion parameters at different time-points. Our results discovered that the parafoveal flow density of the SCP and DCP in the RRD eyes increased significantly over time during the whole observation period, and the differences between the RRD eyes and the follow eyes decreased with increasing time after surgery. Recently, the deep foveal avascular zone (FAZ) area of macular-off RRD eyes was proved to become larger than the unaffected fellow eyes 2 months after surgery [20] . It was consistent with our results that the retinal perfusion in the RRD eyes was still not up to the normal level at postoperative 8 weeks time-point, which might lead to macular hypoxia and FAZ enlargement. In addition, we also noticed the different rehabilitation curves of macular microcirculation in retinal layer and choroidal layer. The rehabilitation curve of CCPFD achieved plateau period ahead of the rehabilitation curve of SCPFD and DCPFD. These findings suggested that the postoperative macular perfusion gradually recovered along with the attached and flattened retina, and there existed a degree of difference in the recovery speed between the retinal circulation and the choroidal circulation. In previous reports, the impairment of microcirculation in RRD patients had been confirmed and the normalization of microcirculation needed 6 months or even more time to be achieved after successful surgery [5, 21, 22] . The discrepancy of recovery speed between our findings and the previous studies might be due to the characteristics of the eyes studied, surgical procedures, measurement methods, and measured areas.
Interestingly, the postoperative CCPFD rehabilitation curve was similar to the postoperative visual acuity rehabilitation curve presented in our study. It has been demonstrated that the parafoveal retinal vascular could response to visual stimulation, suggesting the correlation between the macular perfusion and light activation and adaptation of photoreceptors [7] . Recently, the 3-month postoperative SCP vessel density and DCP vessel density were proved not to be correlated with 3-month postoperative VA in macular-off RRD patients [23] , which was consistent with our results. Instead, the 12-week postoperative BCVA was detected to be positively correlated with the CCPFD in our study. Furthermore, we found that the patients with worse visual outcome appeared to have abnormal ellipsoid zone structure associated with the relatively descending choroidal blood flow. It had been reported that the increase in BCVA accompanied with the improvement in outer retinal morphology was significantly correlated with the macular choroidal circulation elevation in eyes with acute zonal occult outer retinopathy, m u l t i p l e e v a n e s c e n t w h i t e d o t s y n d r o m e , a n d chorioretinopathy associated with ocular blunt trauma [24] [25] [26] . Furthermore, the choriocapillaris layer beneath the disrupted ellipsoid zone of the photoreceptor had greater areas of flow void than the area beneath an intact ellipsoid zone in ischemic maculopathy [27] . Our results were consistent with the previous studies which suggested that the recovery of impaired choroidal circulation was important for the improvements in visual function and outer retinal morphology in retinal diseases. Our study had several limitations. First, a selection bias may have been introduced for its retrospective design and one single hospital's data. Second, we did not evaluate the height and volume of the macular detachment, which might affect the postoperative macular perfusion results. And third, the sample size was relatively small and the postoperative follow-up period was relatively short. Further prospective randomized study with a larger number of patients and a longer observation period should be performed to confirm these results.
In conclusion, the quantitative OCTA analyses confirmed that the postoperative parafoveal flow density in the superficial, deep, and choriocapillaris layers decreased in the macular-off RRD eyes compared with the unaffected fellow eyes. Macular perfusion gradually improved over time following successful RRD repair by PPV. Evaluation of choroidal microcirculation using noninvasive OCTA could be a potential indicator for explaining different postoperative visual outcome in macular-off RRD patients. visual acuity (BCVA) of the RRD eye was 0.00 for patient 1 and 0.82 for patient 2. BCVA of the fellow eyes were both 0.00. CCP in the RRD eye of patient 2 (C4) appeared to be more sparse and chaotic comparing to the normal compact structure (D4) in the fellow eye. Longitudinal scans showed disruption of ellipsoid zone (C5, rightwards arrow) in the RRD eye and integrated ellipsoid zone in the fellow eye (D5) of patient 2. Automatic analyses for images (A4~D4) showed choriocapillary plexus flow density (CCPFD) of 66.94%, 68.25%, 62.07%, and 69.21%, respectively. Patient 2 with worse visual acuity appeared to present abnormal CCP and disrupted ellipsoid zone accompanied by decreased CCPFD Funding This study was funded by the National Natural Science Foundation for Young Scholars of China (grant number 81200701). The funding organization had no role in the design or conduct of this research.
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